Understanding the relationships between structures and functions is important for engineering design in general and for biomimetic design specifically. In nature, different structures provide a wide range of functions efficiently and with minimal costs. Based on the analyses of 140 biological systems that are derived from biomimetic sources by a TRIZ based method, we provide a list and examples of structure-function patterns that repeat in biomimetic applications. These patterns are presented through a technical lens and a complete system model, serving as engines or brakes of the biological system, exploiting energy sources or blocking them, respectively. This list of patterns serves as an index of clues that open doors for further investigation of the complexity of these relations. Understanding the mechanisms behind these meta-level patterns is required for a successful biomimetic design process. The list provides both keywords for biological databases search and clues for abstraction of biological texts. The TRIZ based method that has been used for this study can be further used for modeling other biological systems during the abstraction stage of the biomimetic design process. Thus, we offer a bridge between biology and technology and set a foundation for a new biomimetic design method.
Introduction
Nature forms and structures provide a wide range of properties with minimal costs. They have been studied by researchers from various disciplines [1] [2] [3] [4] [5] [6] [7] that acknowledged the appearance of structural and form patterns in nature.
These patterns are forms and structures in which some features recur, identically or similarly in places that apparently have nothing in common [1] , and provide benefits and efficiencies, irrespective of their size or material [5] . Nature forms and structures are obedient to the laws of physics that constrain the range of designs available for living systems [6, 8] . Geometric forms and structures are a result of the struggle for better performance under global and local constraints [9] . Thus, structural and form patterns are design solutions to problems that are set by the constraints of space.
Form is usually related to the shape of an object, while structure is considered as the arrangement of its parts. Both of them are related to functions. The idea that function fits form or structure is one of the basic design principles in nature and well accepted both in biology and in the design literature. For the convenient flow of this paper, we use the term structure-function relation to include also the shape or form aspect. While morphology is the study of the shape and structure of parts of an object and how they create the whole [10] , functional morphology is the study of their relation to function and is considered as one of the oldest strands of development in biomimetics [11] . Better understanding of the processes that affect morphology in biological systems was defined as the next phase of biomimetics [12] . But this is not straightforward as structure-function relation in biology might be complex [13] . Furthermore, the concept of function is subject to confusions and is difficult to define in biology; it is generally defined as the uses or actions of structures [14] .
Several approaches to analyze biological systems in the context of biomimetic design lean on this structure-function relation. Sartori et al. [15] mentioned the identification of function, solution principle and structure as guidelines for biological system analysis.
Goel offered the Structure-behavior-function (SBF) approach [16] , including also the behavioral aspect, to facilitate deep learning of biological systems and incorporated it in the DANE computational tool for design by analogy [17] . Chakrabarti et al. [18] offered the SAPPhIRE model-another SBF approach-to explain the causality of natural and engineered systems.
One approach to investigate this structure-function relation from a biomimetic perspective is to conduct a thorough analysis of this relation. Fratzl [19] suggested that a thorough analysis of structure-function relations in natural tissues should be performed in the process of developing new bio-inspired materials. Gorb [20] provided a detailed review of the relations of biological surfaces and functions, though he mentioned that due to the complexity of biological surfaces, only few exact working mechanisms have been clarified so far. He elaborated on several functions such as antifriction, adhesion, filtering, and self-cleaning and described several mechanisms to achieve each function. For example, he elaborated on mechanical and chemical attachment mechanisms including hooks, suction, and secretions [21] .
Another approach to investigate this structure-function relation from a biomimetic perspective is to search for patterns that abstract this relation. Patterns are reusable solutions to recurring problems and accepted as a way to facilitate knowledge abstraction. They build analogies between observed solutions and problems yet to be solved and use to transfer knowledge across domains [22] . Based on the "Pattern Language," developed by Alexander [23] , the "Patterns from nature" project [22] aimed to explore knowledge about ecosystems in order to extract design patterns and provide a framework that links problems and related solutions. Such a framework can be useful for bridging biology and technology through biomimetic design processes. Structurefunction patterns in particular may abstract nature design solutions to various problems.
Whereas, the thorough approach to investigating patterns provides the details and exact mechanisms behind structure-function relations, we aimed to zoom away and extract some general structure-function patterns that provide an abstraction of nature structural solutions. For this purpose we have to give up the richness and complexity of the different morphologies and related functions as described by Gorb [20] and strive for some generic patterns of structure-function relations. In doing so, we included our observations on general forms and structures in nature and not only surfaces, as Gorb did. The pattern approach spans the space of structure-function relations on two dimensions, as if it was a flat space, while the thorough approach with its detailed studies provides a third dimension of depth. Both approaches are required to complete a successful biomimetic design process.
The pattern approach supports the abstraction stage of the biomimetic design process, when design principles are extracted based on understanding of the biological mechanism [24, 25] , while the thorough approach provides the particular knowledge and details that are required for the implementation of the biomimetic application. Biomimetic design by definition is based on analogical transfer of design knowledge between biology and technology or other target domains [26, 27] . This analogical transfer requires the use of generic abstraction [28] that can be achieved by design patterns. Design patterns are fundamental units of analogical transfer in design and they reflect what is learned from one design situation and transferred to another [29] . Goel et al. [30] suggested that a set of patterns that abstract the details of particular cases can systematize the practice of sustainable design.
The purpose of this study is to span the space of possible structure-function patterns that might interest biomimetic designers, and set a foundation of a biomimetic design method. These patterns would serve as an index of clues that opens doors for further information elaborating the richness and complexity of these structure-function patterns. The first purpose of this study is formulated as the research hypothesis of this paper:
Hypothesis: There exists an abstraction level in which biological systems could be described with a small set of structure-function patterns.
A small set is better following the parsimony or simplicity principle in science; a small model or simple explanation is always better than a complex one, given that otherwise they are similar. The term "small" in the hypothesis should be interpreted as not larger than the size of existing functional bases developed in design research [31] .
The second purpose of this study is to evaluate these structure-function patterns as a base of a biomimetic design method, mainly for searching and representing biological systems. This part is left for a future paper.
In order to find and represent these patterns for designers who have no previous knowledge in biology, we applied a technical system view as described in Sec. 2, to explain the role of the structure as part of a complete system functional model. Consequently, Sec. 2 describes the method used in the analysis of biological systems and the process of abstracting patterns out of these analyses, and the research method used in this study. Section 3 provides the structure-function patterns results and Sec. 4 discusses their importance. Section 5 summarizes the paper and mentions several new research paths.
Method
This section describes the research method used to support the research hypothesis and the method used to find the biological structure-function patterns.
Research Methodology.
The research hypothesis calls for finding an appropriate abstraction level and modeling tool and using them to describe biological systems with a small set of structure-function patterns. Our final goal is to transform biological knowledge to engineering. By using engineering models to analyze biological systems we have better chance to generate knowledge at a level relevant and accessible to engineers. Section 2.2 describes the modeling tool used in the study.
What remains is to articulate how the test for small patterns is operationalized in this study. In a traditional study, one would articulate a hypothesis and then create a representative sample to experiment and conduct some statistical test to reject a null hypothesis which in our case would be that "there is no abstraction level in which biological systems could be represented with a small set of structure-function patterns." But creating a representative sample of biological systems seems infeasible. Rather than following this setup, we use a growing sample of biological systems and augment the pattern set with additional patterns if they are found. If the set of patterns remains stable throughout the analyses, we could claim that there is growing evidence that the pattern set is comprehensive. Our sample includes biological systems previously associated with biomimetic product developments extracted from different biomimetic sources [32] [33] [34] , biological systems extracted from the same sources but without an application, and biological systems we encountered ourselves in our exercises.
Abstraction
Method. TRIZ is a Russian acronym translated to: "the theory of inventive problem solving"; it is derived from the study of thinking patterns used to model inventions that are found in the global patent literature [35] . TRIZ was identified as a suitable framework to underpin the transfer process from biology to technology throughout the biomimetic design process [12, 36] .
One example is the BioTRIZ study, a matrix of biological solutions to design conflicts, corresponding to the TRIZ contradiction definition [37] . However, TRIZ potential to promote biomimetic design has not been exhausted, and it can contribute to the key process of biomimetic design; the functional representation and abstraction of biological systems. Representations facilitate deep learning of biological system working principles and functional mechanism and therefore are assumed to assist the transfer of these principles into the target domain [17] .
Nagel et al. [38, 39] offered to use functional modeling in biomimetic conceptual design as a mean for functional representation and abstraction of the biological knowledge. Chakrabarti et al. [18] offered the SAPPhIRE model of causality for the functional representation to assist biomimetic processes. We suggest the complete viable system model for this purpose as it is based on a technical view that is inherent and natural to engineers. This model explains the role of the structures in a complete system model and their relation to the system function. This model is actually based on a SBF view, as it provides behavioral explanation for how the structures accomplish their functions.
We have already demonstrated the use of TRIZ for analyzing biological systems through technical lenses, modeling structures and functions in nature [40, 41] . In this study, we elaborate this approach and analyze biological systems by a complete viable system model [42] for the purpose of identifying structure-function patterns. We used the complete viable system model [42] , a combined Su_Field model and the law of system completeness, presented in Fig. 1 , to identify the underlying main function and related structure of diverse biological systems as part of a complete systems model and in relation to the energy sources in space. Observing biological systems through this technical system model is innovative and may provide designers with a modeling and abstraction tool to analyze biological systems.
Substance-Field (Su-field) analysis is a TRIZ analytical tool for modeling problems based on viewing a system function as an interaction of two substances in a given field [43] . One substance is the working unit that performs the function and the other is the target object that receives the function, whereas the field provides the required energy for this action. We used the Su-field not as a problem modeling tool but as a mean to define functions.
The law of system completeness identifies four essential elements of a technical system: engine, transmission unit, working unit, and a control unit. The law requires that all components are present and that if any component fails or is missing, the system does not survive [43] . We used the law of system completeness to identify the structures of biological systems.
By modeling biological systems with the complete system viable model [42] , a combined Su_field model and the law of system completeness ( Fig. 1) , we can provide a functional model of the biological system and explain the role of its structures within a complete system that has a main function. The contribution of the law of system completeness for understanding of technical and business systems has already been demonstrated [42, 44] , where the law enhanced understanding of the system architecture and identified ways to improve it. Applying this law for the analysis of biological systems is a new approach that can contribute to our understanding of structure-function relations.
Results
We reviewed biological systems extracted from different biomimetic sources [32] [33] [34] . First, we observed 62 biological systems that are already related to biomimetic innovations and their function-structure relation was documented [32] [33] [34] . For each example we created a system model according to the complete viable system model ( Fig. 1) , describing the main function of the system and which essential components of the system the structures include. An example of this analysis for the lotus selfcleaning mechanism is presented in Fig. 2 . In this figure, the water droplets are defined as the working unit of the leaf cleaning system, as they actually detach the dirt particles from the leaf. The energy source for this detachment action is the adhesion and gravitation fields. These fields are exploited by the epidermal protrusions structure that serves as the engine of this system. The detachment function is performed as long as there is water and dirt particles, thus their presence control the cleaning system activity. This example demonstrates the power of this TRIZ modeling method. When we usually analyze a system we anticipate finding all its components within an enclosed boundary. In contrast, realizing that the working unit of a useful phenomenon we wish to replicate is an external item (water droplet) is surprising and demonstrate that nonintuitive models of biological systems or phenomena are afforded by the new modeling approach.
Following the analysis of this set of cases, we examined 78 additional biological systems, not necessarily related to current biomimetic innovations but mainly derived from biomimetic databases such as Asknature [32] . We then classified structures that repeated in a large number of cases into high level classes and revealed that they correlate with the same functions, hence, identifying them as structure-function patterns.
Through this approach we analyzed 140 biological systems, and identified the existence of a set of structure-function patterns.
The analysis identified several function-structure patterns at the meta-level that mainly repeat in existing biomimetic applications. Some of the structures were identified as the engines of the system according to the law of system completeness system model. In these cases, fields of energy are used by the engine structures to perform the required function. In other cases, the structures block fields of energy, when these are harmful to the system. We identified them as brakes, though a brake is not part of the original law of system completeness model.
Manmade engines are machines designed to convert energy into motion. Similarly, engines in nature are structures that exploit the potential propulsion properties of forces in space as clean and renewable energy sources for the purpose of performing a motion. Their correlated main functions are dynamic and are related to motion: to move, to attach, to detach, to channel, and to change. Table 1 The patterns table: list of structure-function patterns A brake is a device that inhibits motion. Similarly, brakes in nature are structures that inhibit undesired motion resulting from forces in space. They sustain different loads by absorbing the loads, pushing them back, or changing their direction. Nature structures that inhibit forces from causing an undesired motion may be identified as brakes. Their correlated main functions are static and are related to states of no motion: to stop, to protect, to defend, to stabilize.
A list of the repeated structure-function patterns and their classifications as engines or brakes is presented in Table 1 . Sections 3.1 and 3.2 provide examples for each structure-function pattern including its role as an engine that uses external fields of energy or a brake that blocks them.
Engines
3.1.1 Repeated Protrusions. This structure is identified with repeated protrusions of different materials and shapes, at the nanoscale or at the macroscale. Protrusions may be diverse including hairs, denticles, bristles, epidermal protrusions, or scales.
Examples and images are provided in Table 2 . These protrusions are correlated to generic functions of "Attach" or "Detach" to different target objects such as dirt particles, bacteria, and water droplets. They are also associated with attachment to different sorts of surfaces like walls, sand, soil, ice, or fur. The repeated protrusion structure exploits space forces or gradients in order to perform the attachment or detachment function. The repetition of protrusions enlarges the surface area of the structure and intensifies the interaction of the structure with the forces.
Repeated
Tubes/Channels/Tunnels. This structure is identified with repeated tubes or channels with or without valves. Examples and images are provided in Table 3 . The structure is correlated to generic functions of "Channel" if it has no valves or to the function of "Regulate" if it has valves. The repeated tube structure exploits force gradients to channel target objects or to regulate their flow. The repetition of tubes increases the surface area that is being interacted within the environment and thus intensifies the performed function. [45] . Photo 2 (By William Thielicke, from Wikimedia under GNU (General Public License) free documentation license, Version 1.2) [46] . Photo 3 (Reprinted with permission from Sharklet Technologies. Copyright Sharklet Technologies.) [47] . Photo 4: By SecretDisc, from Wikimedia under GNU free documentation license, Version 3.0) [48] .
Organism
Repeated protrusions Function Image 1 Gecko's foot Repeated hairs-Gecko's foot has nearly five hundred thousand hairs (setae). Each individual setae is attached to and detached from the surface by van der Waals forces [49] due to electrical gradient. As a result, the gecko's foot is attached and detached from the surface.
Attach/detach foot 2 Lotus leaf Repeated epidermal protrusions-the Lotus leaf (Nelumno nucifera) is full of small epidermal protrusions covered with wax at the nanometer range. These protrusions create high contact angles between the surface and the droplets resulting in an adhesion gradient that together with the gravitation gradient detach dirt particles from the leaf and roll them away [50] .
Remove dirt particles 3 Shark skin Repeated denticles-The shark's skin has dermal denticles (little skin teeth) which are ribbed with longitudinal grooves. This structure is related to removal of fouling, bacteria, and to drug reduction. The denticle's surface tension characteristics are used to remove the fouling [51] .
Remove bacteria 4 Burdock plant Repeated hooks -The burrs of the burdock plant are covered with tiny hooks which are adjusted to be connected to the animal's fur and may exploit their movement ability to spread away.
Connect to animal fur
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Transactions of the ASME 3.1.3 Asymmetry. Although symmetric structures are common in nature, asymmetric structures also prevail. Geometric asymmetry is defined when the structure has at least one dimension without symmetry. Time asymmetry is defined when the structure demonstrates different appearances at different times. Material asymmetry is defined when the material properties of a structure are distributed asymmetrically in time or space.
This asymmetry creates variant reactions to external factors. In geometric asymmetry, different shapes react differently to external forces. In material asymmetry, different materials react differently to external factors like levels of humidity, light, temperature, and mechanical pressures.
Asymmetric structures are associated with the generic function of "Change." These variant reactions to external factors create gradients that are exploited to change the form or the position of the structure. Examples are provided in Table 4 .
Brakes

Mechanical Structures.
The following structures are associated with the generic function of "Protect" or "Defend" from mechanical loads. Some of these structures may be effective also in the exposure to thermal or chemical loads. Each one of them is adjusted to different types and directions of loads. Examples are provided in Table 5 .
Repeated
Layers-Sandwich Structure. Sandwich structures are composites combined of several parallel alternating layers of different materials with different properties. This structure resists bending in one particular direction and is strong, stable, tensile, durable, and temperature resistant [57] . This structure sustains the mechanical load by absorbing it in the loose or soft layers and distributes it over large areas of the structure surface [58] . In case of thermal pressures, this structure provides a protective cover and insulation that minimizes heat transfer. In this case, this structure consists of layers of hairs or feathers, fat and air, which are poor heat conductors [58] .
Intersected Layers-Crisscrossed
Structure. This structure consists of a cross linking of fibers that creates a crisscrossed structure. In two dimensions it looks like a network, in three dimensions it may look like foam, a cellular structure or honeycomb structure. This structure is common in beaks of birds, bones, shells of lizards, and insect wings. This structure provides an elastic foundation with high resistance to flexure loading [59] . When fixed specified loading direction exist, like gravity, this structure exhibits more efficient use of its material [53] . In case of [54] . Photo 4 (Reprinted with permission from Simcha Lev-Yadun. Copyright Simcha Lev-Yadun.) [55] .
Organism
Repeated tubes/channels/tunnels Function Image 1 Termite mound Termite mounds are constructed of an extensive network of tunnels. The tunnels structure is considered to be an analogue of a lung, responsible for the global function of colony gas exchange. The regulation of gas is a complicated process that is related partially to ventilation inside the mound tunnels. In the egress tunnels air movement are driven by wind [56] Regulates the gas exchange 2 Tree At the macroscopic level, wood is composed of parallel hollow tubes formed by the wood cells shape. These tubes are responsible for leading water and nutrients from the ground toward the tree's organs due to capillary forces opposing gravity [53] Lead water and nutrients 3
Cell membrane
The membrane of a cell is constructed of two layers of lipid cells. Between these two layers there are channels of proteins which allow a passive movement (diffusion) of ions (ion channels), water (aquaporins) or other solutes through the membrane down their electrochemical gradient
Regulate ions and water levels 4 Desert Rhubarb The desert rhubarb has large leaves with a ridged structure that creates a surface of channels. These channels lead the rain toward the ground near the plant's root by the gravitation gradient [55] Channel water mechanical pressures, this structure absorbs the mechanical loads within the spaces between the fibers.
Hollow Cylinders (Tubular) Structure.
The structure is characterized with a hollow cylinder, rod, or tube. The hollow cylinder appears in the quill of the bird's feather, stems of flowers, bamboos and reeds, stalks of grain, limbs of insects, tree cells, and long human bones, like the femur. Most houses of ground dwellers have a tubular design. The hollow cylinder provides stability against bending and buckling [53] and is adjusted to resist bending in all directions [6] . We note that in the case of repeated tubes structure, each tube in the arrangement functions as a single tube.
Helical Structure.
The structure is characterized by a helical form in three dimensions. Helical forms appear in crystalline materials, seed pods, and plant tendrils. They are the base structure of the deoxyribonucleic acid (DNA) and appear frequently in the human body [65] . The helical structure is associated with mechanical efficiency. It stores and absorbs energy, provides flexibility and stability, and prevents wrinkling [66] .
The helix resists circumferential and longitudinal stresses while an optimum fiber angle of 55 (axial) balances both these stresses [65] . An array of helical fibers under pressure resists torsion deformation and bends smoothly without kinking. Compared to a crisscrossing pattern, which is not effective in withstanding inner pressures, the helix structure is effective in this case [5] .
3.2.6 Streamlined Structures/Shapes. Streamlined shapes are contours designed to minimize resistance to motion through a fluid (such as air). Streamlined geometries are associated with efficient flow. They minimize kinetic energy loss to heat through friction as they change the direction of the flow and create laminar instead of turbulent flow. They are associated with the generic function of "Stabilize" an object in the presence of fluids flows.
One common streamline structure in nature is the spiral (Fig.  3(a) ). The efficient flight and swimming patterns in nature are based on variations of spiral flows. Other examples are the penguins body contour that is related to their fast and efficient swim (Fig. 3(b) ), the boxfish streamlined body that excels in stable, smooth, and energy-efficient swimming (Fig. 3(c) ) and the beak of the kingfisher that enables the kingfisher to travel smoothly between the medium of air and water, without losing energy to noise (Fig. 3(d) ). Streamlined shapes can be found also in nonanimate phenomena such as river basins [9] .
Container Structure.
Container structure is an enclosed cavity encompassed by an external cover. The cavity may be full of gases, liquids, or solids. Its generic function is to "Contain." It is adjusted to sustain the load of gravity or other mechanical loads by exerting resisting load thus inhibiting the motion of the contained object.
One example of a container structure is the sphere which is a basic form in nature that has the ability to absorb and dissipate loads due to its curvilinear form [7] . Other examples are bird nests that hold and protect the eggs (Fig. 4(a) ), burrows of animals such as the Jaw fish that contain and protect the animals against predators (Fig. 4(b) ), geophytes that serve as underground storage organs (Fig. 4(c) ) and carnivorous plant cups that contain digestive enzymes (Fig. 4(d) ). Table 4 Asymmetric structures: examples and images. Photo 1 (Reprinted from public domain). Photo 2 (By Fir0002, from Wikimedia under GNU free documentation license, Version 1.2) [60] . Photo 3 (By Brocken InaGlory, from Wikimedia under GNU free documentation license, Version 1.2) [61] .
An example
Function Image 1
Geometric asymmetry
The basking shark swims with open mouth in order to catch his food. His stretched jaw demonstrates an asymmetric structure as the inner part of the jaw is straight and the outer part of the jaw is curved. This asymmetric structure creates a passive flow of water through the shark's gills due to the pressure gradient between the bottom and the upper parts of the jaw. Thus, excess water is moved without investing precious energy or structural complexity compared to a solution with a designated pumping organ [62] Move upwater 2
Material asymmetry
Pine scales are combined of two tissues. The inner tissue has a significantly lower coefficient of hygroscopic expansion of fibers than the outer tissue. As a result the scales are closed when it is humid and opened when it is dry [63] Open and close scales 3 Time asymmetry
Puffer fish (Tetraodontidae family) is able to inflate its body by swallowing water. The increased size of the inflated body makes it more difficult to be swallowed by predators. Thus the body volume is changed on time [64] Change volume of body
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Transactions of the ASME 3.3 Statistics and Frequency of Patterns Occurrence. Table 6 provides statistics of the frequency that each pattern appeared in our database. We analyzed 140 biological systems that altogether yielded 193 patterns with the following breakdown: 45 systems with repeated protrusions, 29 systems with repeated tubes/ channels, 35 systems with asymmetry, 26 systems with repeated layers, 10 systems with intersected layers, 10 systems with hollow cylinders (tubular) structures, 5 systems with helical structure, 12 systems with streamlined structures/shapes, and 21 systems with container structures. These statistics reflect also the frequency of functions, as each structural pattern is related to one generic function. In most cases, the relation of structure to function in our basis is one-to-one with exception of the tube and muscles that are dual structures serving both as engine and brake. Altogether, these do not change the statistics much.
As most patterns are derived from biomimetic sources, their frequency in our database does not reflect their general frequency in nature. It is interesting to realize that repeated protrusions structure is quite frequent in biomimetic applications. The reason for that may be its visual prominence that might capture the biomimetic designer attention. It is related to generic function of "Attach" or "Detach" that are the core of many biomimetic applications. Among the biological systems that demonstrate more than one pattern we can identify some frequent combinations of patterns that go together. Repeated protrusions tend to appear with repeated channels, when the spaces between the protrusions have a channel shape and are used to channel water. Container structures tend to appear with repeated or intersected layers when there is a request to provide protection for the stored object within the container.
Some biomimetic applications use more than one pattern of the same biological systems. For example, the water vapor harvesting device integrates few patterns that appear at the Namib Desert beetle including the hydrophilic bumps (repeated protrusions), the waxy channels between these bumps (repeated channels), and the angle of the beetle's body (Asymmetry). Table 5 Mechanical structures-examples and images. Photo 1 (Reprinted with permission from Paul Hansma. Copyright Paul Hansma.) [67] . Photo 2 (By Seki, reproduced with permission of the Meyer's Group. Copyright 2005 Meyer's Group) [59] . Photo 3 (Reprinted with permission from Peter Fraztl. Copyright Peter Fratzl.) [53] . Photo 4 (By Deborah Spurlock, Reprinted with permission from Deborah Spurlock. Copyright Deborah Spurlock.) [68] .
An example
Repeated layers
The shell of the abalone combines alternating hard layers made of bricklike units of calcium carbonate and soft layers made of protein substance. When the abalone shell is exposed to external pressure, the hard layers slide instead of breaking and the protein stretches to absorb the energy of the pressure. The protein acts like "rubber" and has enormous capacity to absorb shock without breaking [67] Protect the abalone (absorb pressure) 2 Intersected layers The toucan beak is constructed of an external solid keratin layer and internal fibrous network of a closed cell foamlike structure made of struts, which together with protein membranes, enclose shaped air spaces. The foam stabilizes the deformation of the beak by providing an elastic foundation which increases its buckling load under flexure loading [59] Protect the beak 3 Hollow cylinder/tube A human bone is a hollow tube which resists the tendency to break [5] . As the resistance to a load is proportional to the thickness of the structure in the direction of the load, the material is added when required (at the joints) and removed when it is not required (at the midpoint) [5] Protect the bone 4 Helical structure The intervertebral disk is composed of helically collagen fibers that work like shock absorber and protect the disk from torsion, flexure and extension forces [69] Protect the disk 
Discussion
Based on numerous analyses of biological systems by a complete system viable model that is based on a combination of two TRIZ models, Su_field and the law of system completeness, we identified several structure-function patterns that repeat in biological systems generally and in biomimetic applications particularly. No additional patterns emerged during the analysis of the 140 biological systems in our research database but the ones presented in Table 1 . Furthermore, since the analysis completed, all examples we have encountered, could be fitted into the same structurepattern set.
These structure-function patterns repeat in different scales. For example, repeated protrusions appear at a macro scale (the burrs of the burdock plant), or at the nano scale (epidermal protrusions), with exactly the same function of attaching/detaching. Repeated channels appear at the macro scale (the termite's channels) or at the microscale (wood tubes or membrane cell), and, similarly, they have the same function of channeling/regulating. Helical structures appear at the macro scale (horns) and at the microscale (collagen fibers), again, with the same function of protection/ absorbing shocks. Though the scale may affect the structural characteristics [5] , it is interesting to realize that at the meta-level, the same function-structure patterns appear in different scales.
Some of the structures were defined as engines, exploiting external fields of energy for performing dynamic functions, while others were identified as brakes, blocking external fields of energy that may damage the system, thus exhibiting static functions.
The idea of nature engines is mainly known at the cell level. For example, the plants movement toward the sun (Heliotropism) is a result of motor cells that change their turgor pressure by pumping ions and changing the ions concentrates. Vogel [8] used the concept of nature engines for engines that are based on natural forces like hydration devices or osmotic devices. He mentions the motile cilia, microscopic cylinders that can actively bend and used for locomotion [75] . We provide examples of nature engines at the meta-level as structures that exploit external energy sources. Finally, we generalize the examples into recurring engine patterns; repeated protrusions, repeated tubes, and asymmetric structures.
The idea of nature brakes presents the opposite idea of an engine. As engines exploit forces, brakes reject forces. If engines exist in nature, then we might expect to find also brakes. Brake structures resist external loads and inhibit their undesired resulting motion by absorbing, pushing back or changing the direction of these loads. Most of our identified brake structures are already known as structures with good streaming or mechanical properties, but they might have not been grouped before as structures that inhibit motion, or called brakes. Observing a single tube exposes an interesting duality as a tube is an engine structure when placed in the flow orientation and a brake structure when it resists mechanical loads that may cause deformations. Another example for duality is muscles that can be contracted or released during time, demonstrating time asymmetry. When muscles transduce energy they act like engines [75] and when they absorb energy they act like brakes. This is another interesting example of duality in nature, when one structure serves both functions, in different points of time. Both duality examples represent an efficient use of space and material resources for executing multiple functions.
These engine and brake structures are related to high level function ontology. As oppose to Gorb [20] that related biological surfaces to survival functions such as feeding, filtering, or selfcleaning, we view functions through a technical lens of Su_Field function definition as basic interactions between the biological structure and various substances in its surrounding. The functional basis resulted from this Su_field analysis is derived from biological systems but is similar to previous engineering functional bases [41] , and therefore it may be useful to mechanical engineers who Intersected layers-crisscrossed structure 10 6 Hollow cylinders (tubular) structure 10 7
Helical structure 5 8 Streamlined structures/shapes 12 9 Container structure 21
Total 193 are familiar with other adopted functional bases such as the ones described in Ref. [31] . This technical view of Su_Field analysis allowed us to abstract some patterns. Thus for example, while the grooved scales of the shark skin are related to drag reduction, gecko's hairy foot is related to adhering, epidermal protrusions are related to selfcleaning and hairs are related to filtering, we abstract all these above mentioned structures to a general pattern of repeated protrusions, whether these protrusions are scales, hairs or epidermal protrusions. Respectively, we abstracted all these aforementioned functions to a general function of attachment or its opposite detachment, whether the function object is water turbulences that are detached from the shark skin, the gecko's foot that is detached from the surface, dirt particles that are detached from the leaf or food particles that are attached to the filter hairs. Whatever is the purpose of attachment (filtering, self-cleaning, etc.) and whatever is the object being attached or detached, we recognize the same structure of repeated protrusions.
The list of structure-function patterns (Table 1) summarizes our results and provides a high level abstraction of function-structure relations in biomimetic sources in general and biomimetic applications in particular. As all patterns, they allow designers to disconnect from the details and use the abstracted design principles in bio-inspired design processes. Patterns always come at the expense of richness and complexity, but, on the other hand, they extract some design principles and foster the abstraction stage of the biomimetic design processes.
Referring to the two main challenges of the biomimetic design process, locating a suitable biological role model, and extracting design principles out of this role model (abstraction), Table 1 may be used by biomimetic designers in several ways:
(1) Keywords for searching biological databases-Searching of a suitable biological system is time consuming [76] . Most of the search approaches in biological databases are based on functional keywords. Nagel et al. [77] presented an engineering-to-biology (E2B) thesaurus that relates biological functions and flows to engineering terms. Shu et al. [78, 79] searched for instances of functional meaningful keywords in biological sources in natural language format. While it is suggested to search biological databases by functions, they can also be searched by structures, or even by structure-function patterns. Compared to functions, structures are less subjected to personal interpretations and to domain terminologies. While biological and technological functions are derived from different terminologies, structures are visual and therefore less subordinated to different interpretations. Therefore, searching biological sources by structures, or even by structure-function patterns, instead of searching only by functions, may yield suitable results in less time. If the generic structures are found to be too abstracted to be found while searching biological databases and other information sources, it could be augmented with more detailed structure ontology, e.g., a search for protrusions will trigger searching in parallel for hairs, denticles, bristles, etc. Further studies could elaborate on relevant common structural words in biological texts in relation to the generic structures. (2) List of extracted bio-inspiring design principles regarding the relations of structure and functions. For example, a designer who is familiar with the relation of repeated protrusions and attachment/detachment structures may use this knowledge to generate design concepts of innovative shoes without imitating specific biological organism. (3) Abstraction of biological systems-Yen et al. [80] reported on difficulties to clearly identify the functions of the biological system in an abstracted way that could sustain the transfer of design principles. The structure-function patterns can assist designers to understand the functional mechanism, by identifying structures at biological systems and related functions. Biological systems usually integrate several structure-function patterns that create complex functional mechanisms. An example for intertwined patterns in the same system is the blood arteries that have a tubular structure that channels the blood whereas its walls are made of elastic helical collagen that protects it from the blood pressure [65, 81] . (4) "Front-end" index to thorough studies-The structure-function patterns may serve as a "front-end" index to thorough studies such the one performed by Gorb [20] . The thorough studies can add knowledge about the mechanism behind these structure-function patterns. For example, attachment mechanisms in nature were widely investigated. It was found that enlargement of the contact area is achieved by splitting the contact into subcontacts according to contact theory [82] . In light of this explanation, it is clear how the repeated protrusions enlarge the contact area and support the attachment mechanism.
The complete viable system model itself that we used in this study has a value as a representation model for the abstraction stage of the biomimetic design process. During the analysis we revealed that the transmission unit of the law of system completeness was always integrated with the engine structure. As a result, we offer to use a simplified complete viable system model without the transmission unit for representing and abstraction of biological systems.
Summary and Future Work
The innovative aspects of this study are mainly related to:
(1) Viewing biological structures as part of a complete system model and through a technical lens. We used the complete system viable model [42] combining the TRIZ Su_field model and the law of system completeness, to analyze biological systems. Engineers and designers who are familiar with this technical way of thinking might find this approach helpful in abstracting the complexity that characterizes structure-function relations in nature. (2) Patterns approach to bridging biology and technology gap.
We used patterns as a means to transfer knowledge between domains. First, we brought engineering knowledge to biology-the laws and models derived from TRIZ that may be also viewed as technological patterns. We revealed biological structure-function patterns with the means of technology (TRIZ) applying the "technical biology" approach [83] . These patterns in turn may be transferred back to technology through biomimetic design processes. This overall transfer of knowledge process has a bootstrapping effect as the beneficiary discipline turn to be benefactor. Such bootstrapping effect may reiterate further [84, 85] or initiated with other engineering models. (3) Spanning the space of possible structure-function patterns in biomimetic developments. Table 1 spans the space of possible structure-function relations and provides a map of clues that can direct designers to zones of thorough knowledge. Thus, Table 1 can direct the knowledge search process. As we analyzed current databases of biomimetic applications, the results are interesting from a biomimetic point of view. (4) Classifying nature structures as engines or brakes. Our analysis yielded structures that are classified in the context of their role in the complete system; engines or brakes. This classification illuminates sustainability aspects of nature structures. Nature structures use free and clean energy sources like engines or provide defense against threats like brakes.
Further research should focus on investigating more structure-function patterns, enriching Table 1 with new insights.
It may be interesting to search for new patterns by using different system modeling approaches such as the SAPPhIRE model [18] or functional modeling [38] . Such analyses of more biological systems from biological sources, not necessarily identified for use in biomimetic designs, may further evaluate the completeness of the identified structure-function patterns.
In addition, further research should focus on thorough studies revealing the detailed mechanisms behind these meta-level patterns.
This study may be a foundation of a new biomimetic design method. The list of function-structure patterns can bridge biology and technology presenting both keywords for searching biological role models and clues for abstraction of biological texts. The complete TRIZ viable system model itself that we used in this study, can be used for modeling and representation of other biological systems during the abstraction stage of the biomimetic design process. The structure-function patterns and the complete viable system abstraction model should now be integrated into a coherent algorithm of a biomimetic design process and its usefulness should be tested. Describing the biomimetic design method based on these patterns and evaluating its effectiveness is beyond the scope of this paper.
We acknowledge that the main disadvantage of this structural biomimetic design approach is that it leans on structures while in some cases complicated processes are the core of the investigated biological functions. Nevertheless, there are enough cases of structure base solutions that this approach can assist.
Meanwhile, this new classification of nature structures to engines and brakes can inspire new breakthrough innovative design concepts, like a future engine that is based on a structure that exploits, at least partially, nature forces for population instead of fossil fuels.
